Abstract. Variations in terrestrial water storage affect weather, climate, geophysical phenomena, and life on land, yet observation and understanding of terrestrial water storage are deficient. However, estimates of terrestrial water storage changes soon may be derived from observations of Earth's time-dependent gravity field made by NASA's Gravity Recovery and Climate Experiment (GRACE). Previous studies have evaluated that concept using modeled soil moisture and snow data. This investigation builds upon their results by relying on observ, ations rather than modeled results, by analyzing groundwater and surface water variations as well as snow and soil water variations, and by using a longer time series. Expected uncertainty in GRACE-derived water storage changes are compared to monthly, seasonal, and annual terrestrial water storage changes estimated from observations in Illinois (145,800 km2). Assuming those changes are representative of larger regions, detectability is possible given a 200,000 km 2 or larger area. Changes in soil moisture are typically the largest component of terrestrial water storage variations, followed by changes in groundwater plus intermediate zone storage.
Introduction
Groundwater, soil moisture, snow and ice, lakes and rivers, and water contained in biomass are the principal components of terrestrial water storage. Through an array of simple to complex processes and feedback mechanisms, terrestrial water interacts with other terrestrial and meteorological factors to shape climate and control weather. Soil moisture in particular has been shown to exert a significant influence in general circulation models (GCMs) (see Entekhabi et al. [1996] for a review) through its capacity for storing and releasing heat and its control of evapotranspiration. Changes in total terrestrial water storage likely cause or balance sea level variations [Chen et al., 1998 ] and affect the gravity field and rotation of the Earth [Chao and O'Connor, 1988; Kuehne and Wilson, 1991] ; however, the effects on meteorological and climatological phenomena are not well understood because terrestrial water storage is rarely studied as a singular variable.
The importance of terrestrial water storage to modern civilization is immeasurable. Besides supplying water for drinking and other domestic uses, surface and aquifer waters are essential for power generation and irrigation. Plants and animals also depend on soil moisture and surface water. Furthermore, groundwater sustains streams between episodes of surface runoff, and snowmelt recharges the other stocks of water.
Unfortunately, cost and logistics have hindered the development of networks for gathering and distributing terrestrial water storage data. Remote sensing holds promise for surface soil moisture [e.g., Jackson eta!., !999; Spencer, 2000] and snow mapping [e.g., Ferraro et al., 1996] , but current techniques do ity checked, and temporally interpolated where necessary to produce monthly time series that are continuous from December 1982 to July 1996. In addition, water storage in the soil zone from 2 m depth down to the top of the water table was estimated because it was not monitored. Terrestrial water storage changes, averaged over Illinois, were then compared to estimated uncertainty in the GRACE technique to determine their detectability by GRACE on monthly, seasonal, and annual time steps. In addition, the detectability of the same changes was considered, given five larger spatial scales.
Background
The climate of Illinois is humid continental, with hot summers and cold snowy winters. Annual precipitation averages between 85 and 100 cm in most parts, but interannual variability is high. The mean annual cycle of precipitation is relatively uniform throughout the year with a low in the winter months. Evapotranspiration is radiation-driven, returning close to 70% of precipitation to the atmosphere annually despite being nearly nonexistent in the winter [Eltahir and Yeh, 1999] .
Illinois has a subdued topography defined by flat, glacial, and fluvial plains and rolling hills. The shallow aquifer is unconfined, and the water table usually exists at depths between 1 and 10 m. Water-bearing units are composed of limestone, dolomite, or a mix of sand and gravel. The texture of the surface soil is typically silty loam or silty clay loam, and porosities generally range from 0.40 to 0.55 [Hollinger and Isard, 1994] . Parent soil materials include loess, alluvium, and glacial outwash and till [Changnon et al., 1988] .
Several investigations have examined terrestrial water storage in Illinois. Changnon et al. [1988] attempted to define statistical relationships between monthly precipitation and shallow groundwater levels from a network of monitoring wells and then applied these relationships with physiographic and soils information to predict groundwater levels in times of drought. They concluded that the lag between precipitation and groundwater response was shorter during wet soil conditions than dry and shorter also when the water table was shallow. In general, they found that the best correlated lag times were 0-2 months, the lags being more closely related to soil type than to physiography. Hollinger and Isard [1994] analyzed observations from a network of neutron probe monitoring stations. They calibrated the probes to soil moisture, quantified the uncertainty in the observations, and identified statewide patterns and relationships in 10 years of data. They determined that uncertainty in the data was -5-13% at a moisture content of 0.30 volumetric.
They demonstrated a clear annual cycle of soil moisture, soils being wettest in early spring (March 15 on average) and driest in late summer (August 15 on average). A latitudinal gradient of soil moisture was seen in winter and spring which corresponded to higher rates of precipitation in the south, and during summer and autumn a longitudinal gradient existed, with wetter soils in the east corresponding to shallower loess deposits. Two papers focused on the 1988 drought and 1993 flood in Illinois and the Midwestern United States. Wendland [1990] utilized time series from 25 lakes, 39 river gaging stations, and the soil moisture and groundwater networks mentioned above to characterize the 1988 drought. Among other findings he concluded that all of four drought indicators correlated better to multimonth cumulative precipitation than to any single lagged month. Additionally, the best correlated time lag between a drought indicator and a single month of precipitation was 1 month, except in the case of lake level, which was better correlated with no time lag. Kunkel et al. [1994] described the hydroclimatic causes of the 1993 flood in the context of historical frequencies of heavy rainfall events. Their investigation utilized two long precipitation data sets, soil moisture conditions assessed by a model, and evapotranspiration estimated using the Penman-Monteith formula. They determined that the flood was caused by seven unusual hydrometeorological conditions that contributed to the wettest summer on record in the region. Eltahir and Yeh [1999] analyzed patterns of hydrological floods and droughts in Illinois, as they propagated from atmosphere through soil to aquifer, by examining atmospheric water vapor flux, precipitation, soil moisture, groundwater level, and river flow. The seasonal cycle of the groundwater level was determined to lag soil moisture by -1 month. They concluded that seasonal cycles of the hydrological components were forced by the seasonal cycle of solar radiation, while interannual variability in the hydrological cycle was controlled by atmospheric circulation and precipitation. Yeh et al.
[1998] also used observations of precipitation, runoff, soil moisture, and groundwater in a terrestrial water balance in order to estimate evapotranspiration in Illinois.
In proposing GRACE, Dickey et al. [1997] hypothesized that satellite-based gravity measurements obtained by the mission could be inverted to produce estimates of changes in water storage in terrestrial regions. However, the GRACE satellites will be sensitive to gravitational variations caused by the sum of the mass changes in the entire column of fluid and solid material below them. Therefore the contribution of atmospheric mass redistribution will have to be removed from the gravity observations using auxiliary information, such as modeled pressure fields. Furthermore, GRACE will not be able to distinguish changes in the different components of terrestrial water storage. Wahr et al. [1998] and Rodell and Famiglietti [1999] evaluated the aforementioned hypothesis using 5 years and 2 years, respectively, of modeled soil moisture and snow data with estimates of uncertainty in the inversion technique. The two studies agreed that terrestrial water storage changes would be detectable on monthly and longer intervals given large enough regions and depending on the magnitude of the changes themselves. However, the effects groundwater and surface water storage variations were not considered due to a lack of data. This paper will address that deficiency and examine a longer, observation-based time series.
Data
This investigation required four sets of water storage data from Illinois. The groundwater data set consisted of water levels from 18 wells (see Figure 1) 
Methods

Interpolation and Averaging
Missing daily observations of snow depth either were taken from neighboring, auxiliary stations or were estimated using existing snowfall, precipitation, and temperature measurements. Following a rigorous examination to remove spurious values, daily time series of groundwater depths and soil moisture in the 11 layers were constructed by linearly interpolating between observation dates. For days when the water table rose above 2 m depth, which happened frequently at certain locations, the depth to groundwater value was reset to 2 m, so that saturated storage in the upper soil zone would not be added twice, once as soil moisture and once as groundwater, when computing total water storage. Whenever two consecutive depth-to-water values were 2 m at a particular location, the change in groundwater level was computed to be zero. Consequently, changes in statewide average groundwater storage, as it is conventionally defined, were attenuated. In short, groundwater storage changes were intentionally underestimated in order to preserve the accuracy of the total water storage changes, and the underestimation was more significant during wet periods when the water table was high. These facts should be weighed when comparing groundwater changes published Figure 6 also demonstrates that annual /)"RS was insubstantial, peaking at 1.6 mm in 1993. The magnitude of /)"SN also was small on an annual basis, only exceeding 1 mm once in 12 years. Figure 7 plots mean monthly absolute changes in S T for Illinois. The error bars represent ±E To the total uncertainty in 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 Year Figure 6 . Annual changes in terrestrial water storage and its components. a hypothetical GRACE-derived estimate of AS r, averaged for each month of the year. As mentioned before, GRACE instrument errors increase as the area of the observed region decreases. Because the area of Illinois is only 145,800 km 2 (not including its share of Lake Michigan), uncertainty is large enough that monthly changes in terrestrial water storage in Illinois normally will not be detectable by GRACE (E r/ AS r --> 1), as seen in the top left panel of Figure 7 . This is not surprising considering the conclusions of previous studies; however, the use of observations was prioritized in this investigation. The data from Illinois become more practical if the assumption is made that larger surrounding regions have water storage changes that are comparable in magnitude, so that the monthly changes may be detectable by GRACE depending on the size of the region. The other five panels in Figure 7 show the same AS r values as the first, with E r for regions with areas 200,000, 300,000, 500,000, 1,000,000, and 3,165,500 km 2, the last area being equal to that of the Mississippi River basin. For a 200,000 km 2 region the total water storage changes typically would be detectable (Er/AS r < 1) from May through December and undetectable the other four months of the year.
Potential Accuracy of GRACE.Derived Water Storage Change Estimates
For a 300,000 km 2 region, AS r would typically be detectable in all months except February. For 500,000 km 2 and larger regions, AS r would typically be detectable in all months of the year with relative uncertainty (E r/AS r) decreasing as the area of the region increased. years. AS r was detectable in 9 of 12 years for a 200,000 km 2 region, 10 of 12 years for a 300,000 km 2 region, and 11 of 12 years for 500,000 km 2 and larger regions. In 1992, ASr was undetectable at all scales because it was only -0.11 mm, but this is effectively a nonchange that would have been identified by GRACE to within _+5 mm for a 300,000 km 2 region. Table 1 lists the means and ranges of terrestrial water storage changes in Illinois between January 1983 and July 1996. On average, seasonal AS r is largest (58.7 mm), followed by annual (48.5 mm) and monthly (28.2 mm) AS r. /XSM is often the principal component, and it is also greatest on a seasonal basis. Mean AGW + IZ becomes larger for longer averaging periods; annual AGW + IZ is about the same magnitude as annual ASM. ASN is occasionally significant on a monthly or seasonal basis, while ARS is never >2-3 mm, being largest seasonally. All types of water storage changes are occasionally as small as TERRESTRIAL WATER STORAGE VARIATIONS Table 2 lists the means and ranges of uncertainty in GRACE-derived estimates of AS r for the six previously defined areas. Variations in E 7-for a particular area and averaging period are due to changes in atmospheric uncertainty, as agreement between the NCEP/NCAR and ECMWF models varies. Comparison of Tables 1 and 2 reveals what areas and averaging periods should allow GRACE to produce workable estimates of AS r. Monthly AS r will only be detectable over Illinois when it is very large, >81.4 mm on average. However, seasonal and annual ASr may be detectable over Illinois more often than not. Mean AS r is larger than mean E r for all regions 200,000 km 2 and greater, for all three timescales, but for any specific situation, ASr must be greater than the minimum for it to be detectable. Table 3 lists the number of intervals when AS7-was detectable by GRACE (i.e., it was large enough that it would, in the future, be detectable by GRACE) during the period of the time series for the six spatial and three temporal scales.
Discussion
Monthly ASr was detectable in Illinois (145,800 km 2) only 5% of the time, but seasonal and annual AS r were detectable about half the time. The rate of monthly water storage change detectability jumped to 44% for a 200,000 km 2 region and to 67% for a 300,000 km 2 region, then increased more gradually up to 82% for the Mississippi River basin (3,165,500 km2). It appears that 82% is an approximate upper limit to the monthly change detection rate because -18% of the ASr values are smaller than the typical uncertainty at the largest spatial scales. Seasonal ASr was detectable 85% of the time for a 200,000 km 2 region, and the rate increased rapidly to 100% for a 500,000 km 2 region; recall from Tables 1 and 2 that the minimum seasonal ASr and the mean seasonal E r are both -5 mm at that spatial scale. Annual ASr was detectable 9 times out of 12 for a 200,000 km 2 region and 11 times out of 12 for 500,000 km 2 and larger regions. As mentioned in section 5, the 1992 annual change (-0.11 mm) was not realistically detectable at any scale.
Because the lifetime of the GRACE mission will be 5 years, it is worth examining the range of variability of AS r for periods of 5 consecutive years. Mean E r does not vary appreciably among 5 year periods, so the series means in Table 2 Additional information, such as auxiliary observations, concurrent model runs, or at least a knowledge of the soil moisture climatology, will be required to isolate changes in the component stocks (e.g., ASM) from GRACE-derived AS r estimates. Given that caveat, comparison of the ranges of terrestrial water storage changes in Table 1 to the uncertainty information in Table 2 An assumption of this investigation was that the record of water storage observations in Illinois could be used as a proxy for larger regions. However, in studying progressively larger regions from the point scale to the global scale, one might expect terrestrial water storage changes of all sizes and signs to begin to be encompassed, causing the magnitudes of the mean changes to approach zero. The authors deemed the assump- 
